The concept and design of acoustic Bragg mirrors and cavities made of multilayers of piezoelectric oxides with superior acoustic performance and potential applications in electronic and optical terahertz modulators are described. With these applications in mind the authors have grown phonon mirrors consisting of BaTiO 3 / SrTiO 3 superlattices on SrTiO 3 substrates by reactive molecular-beam epitaxy and investigated their properties. Characterization of the superlattices by x-ray diffraction and high-resolution transmission electron microscopy reveals high structural quality with nearly atomically abrupt interfaces. The authors have observed folded acoustic phonons at the expected frequencies using uv Raman spectroscopy.
Tailoring acoustic phonon properties is important for terahertz frequency phonon devices including the generation and amplification of coherent phonons. [1] [2] [3] [4] [5] [6] Recently, terahertz acoustic cavities have been demonstrated with enormously amplified acoustic phonon-photon interaction, 2,7 leading to the possibility of modifying the lifetime of optical phonons through tailored anharmonic processes. 8 Acoustic cavities could also provide the required feedback mechanism of a phonon laser. 4, 8 These and other important developments in terahertz acoustics are based mainly on compound semiconductors using mature epitaxial growth techniques such as molecular-beam epitaxy ͑MBE͒ that enable the construction of heterostructures with atomically flat interfaces by design.
Heterostructures of oxide materials such as BaTiO 3 and SrTiO 3 , with strong coupling between sound, charge, and light, offer a nearly unexplored but rich terrain of versatile compounds with superior acoustic properties. They provide a range of acoustic impedances that can exceed the acoustic impedance mismatches in semiconductor heterostructures. In addition, they can be strongly piezoelectric, providing additional mechanisms that can significantly enhance sound-light coupling 9 and allowing electrical tuning of acoustic cavity wavelengths. Recently, room temperature ferroelectricity was observed in SrTiO 3 thin films under ϳ1% biaxial tensile strain. [10] [11] [12] Such strain could be attained at terahertz frequencies through coherent phonon generation using ultrafast laser excitation. 9 Because the light-sound interaction is greatly amplified in piezoelectric and ferroelectric materials, 13 including strain-enhanced heterostructures of ferroelectric SrTiO 3 and BaTiO 3 , 12, 14, 15 these are very attractive for efficient phonon devices operating at terahertz frequencies.
In the present letter we propose acoustic Bragg mirrors and cavities made of BaTiO 3 / SrTiO 3 heterostructures. Figure 1 shows their schematics, calculated acoustic reflectivity, and phonon field distribution. 16, 17 The BaTiO 3 / SrTiO 3 structures are compared with equivalent ones made of GaAs/ AlAs, the materials system previously used for these acoustic structures, 2, 7 and of BaO / SrTiO 3 , another multilayer that can be grown by reactive MBE. A superlattice with a basic building block formed by two acoustic impedance-mismatched materials with respective layer thicknesses / 4 and 3 / 4 acts as an acoustic phonon Bragg mirror with stop band centered at = v / . Here and v are the ͑material dependent͒ phonon wavelength and sound velocity, respectively.
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The acoustic impedance mismatch Z = ͑v 1 1 ͒ / ͑v 2 2 ͒ Ͻ 1, 7 where v j and j are the sound velocity and density of material j, respectively. For BaTiO 3 / SrTiO 3 Z = 0.75, whereas Z = 0.84 for GaAs/ AlAs and Z = 0.66 for BaO / SrTiO 3 . 16 This difference in Z leads to enormous differences in device performance, as shown in Fig. 1 . A ͑001͒-oriented BaTiO 3 / SrTiO 3 superlattice with a building block made of four unit cells of SrTiO 3 and eight unit cells of BaTiO 3 is close to having the ideal ͑ /4, 3 /4͒ stacking. The mirror reflectivities R for superlattices with ten repeats are 0.878 for GaAs/ AlAs, 0.987 for BaTiO 3 / SrTiO 3 , and 0.999 for BaO / SrTiO 3 . 16 A BaTiO 3 / SrTiO 3 phonon cavity may be constructed by enclosing a 21-unit-cell-thick ͑001͒ BaTiO 3 spacer, which is close to 2, between two ͓͑BaTiO 3 ͒ 8 / ͑͑SrTiO 3 ͒ 4 ͔͒ 10 phonon mirrors, leading to a well centered cavity mode. Here the subscripts 4 and 8 indicate the thicknesses of the ͑001͒-oriented SrTiO 3 and BaTiO 3 layers in unit cells and the subscript 10 indicates the number of times the BaTiO 3 / SrTiO 3 bilayer is repeated.
As is evident from the plot in shown, this corresponds to 8 for the GaAs/ AlAs structure, 80 for BaTiO 3 / SrTiO 3 , and 1000 for BaO / SrTiO 3 . 16 Concomitant with this increase in finesse, the square of the phonon displacement at the cavity center ͑indicative of the cavity Q factor and related to the acoustic energy deposited at the resonator͒ grows from ϳ12, to ϳ120, to ϳ1500 ͑given in relative units, for an incident phonon wave of amplitude equal to 1͒. 16 The latter, corresponding to BaO / SrTiO 3 , is not shown in Fig. 1 for clarity.
The most important problem related to the growth of the heterostructures described above is the abruptness of the many ideally planar heterointerfaces on the atomic scale. Due to the extremely short phonon wavelength targeted for these structures ͑ ϳ 5 nm for the four-unit-cell thick SrTiO 3 and eight-unit-cell thick BaTiO 3 layers in the superlattice forming the phonon mirrors͒, the quality of the heterointerfaces plays a crucial role in the device performance. MBE has been used to create outstanding oxide superlattices with interface flatness and abruptness rivaling that of compound semiconductor superlattices grown by the same technique. 18 Epitaxial BaTiO 3 / SrTiO 3 superlattices were grown on TiO 2 -terminated ͑001͒ SrTiO 3 substrates 19 by reactive MBE. The BaTiO 3 / SrTiO 3 superlattices were grown by sequential deposition of the constituent monolayers at a background pressure of 5 ϫ 10 −7 Torr of molecular oxygen and a substrate temperature of 650-700°C, as measured by an optical pyrometer. Additional details on the sample preparation are given elsewhere.
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Four-circle x-ray diffraction with Cu K␣ radiation and high-resolution transmission electron microscopy ͑HRTEM͒ were used to structurally characterize the ͓͑BaTiO 3 ͒ 8 / ͑SrTiO 3 ͒ 4 ͔ 40 superlattice. A -2 x-ray diffraction scan is shown in Fig. 2͑a͒ . Nearly all superlattice peaks are present for 2 Ͻ 55°, which is an indication of atomically sharp interfaces between BaTiO 3 and SrTiO 3 layers. The superlattice period, d SL = 48.25± 0.01 Å, was obtained from a Nelson-Riley analysis 21 of these peaks. The in-plane orientation relationship between the ͓͑BaTiO 3 ͒ 8 / ͑SrTiO 3 ͒ 4 ͔ 40 superlattice and the ͑001͒ SrTiO 3 substrate was determined by a scan of the 1012 superlattice peak. The result is that the ͓100͔ superlattice direction is aligned parallel to the ͓100͔ SrTiO 3 substrate direction. 20 From the position of the 1012 superlattice peak and the out-of-plain lattice parameter, the in-plane lattice parameter a = 3.946± 0.003 Å was determined. This in-plane lattice constant lies between that of SrTiO 3 and BaTiO 3 , as expected for a partially relaxed ͓͑BaTiO 3 ͒ 8 / ͑SrTiO 3 ͒ 4 ͔ 40 superlattice that is no longer commensurately strained to the underlying ͑001͒ SrTiO 3 substrate. An analogous phonon mirror with fewer repeats, i.e., ͓͑BaTiO 3 ͒ 8 / ͑SrTiO 3 ͒ 4 ͔ 10 , was fully commensurate with the underlying ͑001͒ SrTiO 3 substrate. 22 The full width at half maximum of the rocking curve of the 0023 peak of the ͓͑BaTiO 3 ͒ 8 / ͑SrTiO 3 ͒ 4 ͔ 40 superlattice was 0.06°. A crosssectional HRTEM image of the same superlattice is shown in Fig. 3 . It reveals that the superlattice has nearly atomically abrupt interfaces. The interface roughness determined between the BaTiO 3 and SrTiO 3 layers is within one unit cell.
Raman scattering is a powerful technique to monitor the phonon properties of acoustic devices. 2, 7, 8 The challenge with oxide heterostructures lies in the large optical gaps, implying that Raman experiments with visible lasers are hindered by the small photoelastic constants, and the overwhelming contribution of the SrTiO 3 substrate. It has recently been shown that uv Raman spectroscopy can be used for ferroelectric thin films and superlattices. 22 We used a uv-optimized Jobin-Yvon T64000 triple spectrometer with a N 2 -cooled multichannel coupled-charge-device detector FIG. 1. ͑Color online͒ Top: Calculated acoustic reflectivity as a function of phonon energy ͑left͒ and square of phonon displacement along the growth axis z as a function of the distance into the mirror ͑right͒ for phonon mirrors consisting of a superlattice of ͑001͒-oriented BaTiO 3 / SrTiO 3 layers repeated ten times. Bottom: Calculated acoustic reflectivity as a function of phonon energy ͑left͒ and square of phonon displacement along the growth axis z as a function of the distance from the surface of the top mirror ͑right͒ for 2 acoustic cavities enclosed by the superlattice phonon mirrors with ten repeats shown in the top panel. The increasing curve thicknesses correspond to BaO / SrTiO 3 , BaTiO 3 / SrTiO 3 , and GaAs/ AlAs, respectively. A schematic of the structure for the specific case of BaTiO 3 / SrTiO 3 is shown. FIG. 2 . ͑Color online͒ -2 x-ray diffraction scan of a ͓͑BaTiO 3 ͒ 8 / ͑SrTiO 3 ͒ 4 ͔ 40 superlattice. Substrate peaks are marked by asterisks ͑*͒.
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and the = 351.1 nm line of an Ar laser for excitation. A measured room temperature Raman spectrum for the same ͓͑BaTiO 3 ͒ 8 / ͑SrTiO 3 ͒ 4 ͔ 40 superlattice in the low frequency region, obtained with polarizations parallel to ͓100͔ in backscattering along the growth c axis, is shown in Fig. 4 . A clear doublet due to the folded longitudinal acoustic ͑LA͒ phonon modes is observed. The expected energy of the LA doublet can be derived by evaluating the acoustic modes of the superlattice with a Rytov continuum model 23 and using the wave vector transferred in the Raman scattering process, q =4n / . To evaluate the latter, shown with the horizontal dashed line in the top panel of Fig. 4 , the index of refraction of the superlattice at 351.1 nm ͑n = 2.88͒ was measured using variable-angle ellipsometry. The folded phonon dispersion, calculated using the c-axis phonon velocities v SrTiO 3 = 7848.5 m / s and v BaTiO 3 = 5420 m / s, is displayed in the top panel of Fig. 4 . 24, 25 The predicted Raman doublet energies, corresponding to the intersection between the phonon dispersion and the transferred wave vector q, match precisely the experimental peaks. We also show in Fig. 4 the Raman spectrum obtained with a photoelastic model for the Raman efficiency. 23 The calculated curve was Gaussian convoluted to account for the spectrometer resolution ͑2 =3 cm −1 ͒. The agreement between the measured and calculated spectra is extremely good, both for the position and the relative intensity of the peaks.
In conclusion, we propose terahertz acoustic mirrors and cavities based on multilayers of BaTiO 3 , SrTiO 3 , and BaO. These structures exploit the acoustic and ferroelectric properties of oxides for superior performance. Our results demonstrate the feasibility to design, fabricate, and characterize oxide piezoelectric acoustic devices. 
